Due to their maternal mode of inheritance, mitochondrial markers can be regarded as almost 'ideal' tools in evolutionary studies of conifer populations. In the present study, polymorphism was analysed at one mitochondrial intron ( nad 1, exon B/C) in 23 native European Pinus sylvestris populations. In a preliminary screening for variation using a polymerase chain reaction-restriction fragment length polymorphism approach, two length variants were identified. By fully sequencing the 2.5 kb region, the observed length polymorphism was found to result from the insertion of a 31 bp sequence, with no other mutations observed within the intron. A set of primers was designed flanking the observed mutation, which identified a novel sequence-tagged-site mitochondrial marker for P. sylvestris . Analysis of 747 trees from the 23 populations using these primers revealed the occurrence of two distinct haplotypes in Europe. Within the Iberian Peninsula, the two haplotypes exhibited extensive population differentiation ( Φ Φ Φ Φ ST = 0.59; P ≤ ≤ ≤ ≤ 0.001) and a marked geographical structuring. In the populations of central and northern Europe, one haplotype largely predominated, with the second being found in only one individual of one population.
Introduction
In the past decade, the phylogeographic approach has revolutionized the study of the evolutionary history of several forest tree species, enhancing the resolution provided by palaeoecological data (for review see Comes & Kadereit 1998) . To date, a number of phylogeographic studies have been published that employ organellar-specific markers (Demesure et al . 1996; Dumolin-Lapegue et al . 1997a; Petit et al . 1997; Ferris et al . 1998; . The uniparental inheritance of organellar genomes results in molecular lineages being established in popu -lations, which in turn may be interpreted in terms of historical relationships. The application of chloroplast simple sequence repeat (cpSSR) markers has facilitated the resolution of evolutionary relationships in several conifers species (Morgante et al . 1997; Bucci et al . 1998; Echt et al . 1998; Vendramin et al . 1999) . As these markers are pollentransmitted, however, their phylogenetic value appears to decrease when considerable genetic exchange takes place among the populations (Provan et al . 1998) . In contrast to bi-parentally and paternally transmitted markers, maternally inherited alleles are expected to exhibit greater levels of population differentiation at equilibrium. This is due to various factors, including migration of maternally inherited markers through seed only, absence of meiotic recombination and the fact that haploid genomes are more sensitive to the effect of random drift (Petit et al . 1993; Ennos 1994) .
The Holocene postglacial history of Pinus sylvestris , in common with that of many European species, is characterized by the northward expansion of southern refugial populations following the retreat of the ice sheets around 13 000 bp . Palynological analysis has shown that refugial areas of P. sylvestris were localized in the Balkans, the Alps and the Iberian Peninsula, and that recolonization of Europe appears to have taken place mainly from the Balkans area (Huntley & Birks 1983; Bennett et al . 1991) . Nevertheless, several aspects of the evolutionary history of P. sylvestris populations remain unresolved, in particular those regarding the colonization of the British Isles. P. sylvestris entered southern England from the Balkans via central Europe around 10 000 bp , although likely a second phase of recolonization has occupied the western highlands of Scotland around 8000 bp (Ennos et al . 1997) . Alternative hypotheses have been proposed which explain the origin of this second population, entailing a migration of the species along a westerly route coming from southern Europe (Ennos et al . 1997) , or the existence of an endemic western refugium that survived glaciation in the Western Isles (Kinloch et al . 1986 ). Previous studies of nuclear variation suggest that the Scottish populations may be genetically heterogeneous (Forrest 1980; Kinloch et al . 1986 ), the populations of the northwest of Scotland being more similar to those surviving in southern Europe (Tobolski & Hanover 1971 ). More recently, two studies of mitochondrial restriction fragment length polymorphism (RFLP) variation (Sinclair et al . 1998; have provided more definitive information concerning the origin of Scots pine populations in Europe and demonstrated the value of seed-transmitted markers.
In angiosperm species, the development of universal primers for the amplification of organellar sequences has provided new opportunities for the characterization of variable mitochondrial regions (Demesure et al . 1995; Dumolin-Lapegue et al . 1997b ), and we believe that an equivalent approach could also greatly improve the understanding of conifer population history. In this study, variation within the nad 1 mitochondrial intron was used to investigate the patterns of maternally inherited variation in 23 Scots pine populations covering the natural range of the species in Europe. Populations of the Iberian and Scottish range within the study sample were included to verify and test previous conclusions concerning the evolutionary history of P. sylvestris .
Materials and methods

Genetic material and DNA isolation
The study sample comprised 23 populations of the natural range of Pinus sylvestris in Europe, with between 24 and 47 trees sampled per population ( Table 1) . Trees of the Scottish and Spanish populations were randomly sampled on site, trees of the continental European populations were obtained from a nursery trial (kindly provided by C. Bastien, France). Ten grams fresh tissue were collected from each tree, and stored at -80 ° C. Extraction of total genomic DNA was performed as described in Cato & Richardson (1996) .
Amplification of the nad 1 region and polymerase chain reaction-restriction fragment length polymorphism analysis
A preliminary assay for variation at the nad 1 intron (NADH dehydrogenase subunit 1, exon B-C) was performed by polymerase chain reaction (PCR)-RFLP of bulked DNA (10 trees per population) from the Scottish, northern European and three Spanish populations (Baza, Borau and Valsain). Amplification of bulked DNA was carried out using the nad 1/B-C universal primers (Table 2) as described in Demesure et al . (1995) . The PCR products were cut in the presence of 10 U of one of six restriction enzymes ( Rsa I, Hin fI, Hae III, Mse I, Taq I, Eco RI) and 1 × restriction buffer, by overnight incubation at 37 ° C (65 ° C for Taq I). The cleaved products were resolved on 2% ethidium bromide-stained agarose gels and visualized under UV light.
Direct sequencing of the nad 1 region
The complete nucleotide sequence of the nad 1 region was characterized by sequencing the nad 1 PCR product in six trees exhibiting the two length variants ( a from Valsain, Orihuela, Baza; b from Kubryk, Borau, Baza). The PCR reaction volume was scaled up to 100 µL, then purified through a resin column (Promega). Sequencing reactions were carried out using fluorescent terminator chemistry (ABI Perkin Elmer) on 2.5 mg product, in the presence of 3.2 pg primer. Six different sequencing reactions were carried out in order to obtain the complete nucleotide sequence of the nad1 region, using the universal nad1 primers, and two pairs of internal primers (nad1C-D and nad1E-G; Table 2 ) designed from the P. sylvestris sequence. All primers were designed using the primer (version 0.5) software. Partial sequences were aligned using the sequence navigator software (ABI Perkin Elmer).
Design of diagnostic marker and screening of the populations
A diagnostic pair of primers was designed, based on the complete nad1 sequence (nad1 H-I; 
Genetic diversity, interpopulation differentiation and genetic structure
Gene diversity was estimated based on haplotype frequencies according to Nei (1987) . Interpopulation differentiation and partitioning of mtDNA variation among the three regions under study (Spain, Scotland and eastern Europe) was estimated using Φ (Weir & Cockerham 1984) within the analysis of molecular variance framework (amova; Excoffier et al. 1992) . The significance of fixation indices was tested using a nonparametric approach (Excoffier et al. 1992) . All analyses were performed using the arlequin software package (version 1.2; Schneider et al. 1997) .
Results
Characterization of length polymorphism and development of a diagnostic marker
Amplification of Scots pine DNA using the nad1 (exon B/ C) universal primers (Demesure et al. 1995) gave a single PCR product of 2.5 kb. Screening for polymorphism on population-specific DNA bulks with four enzymes (MseI, a and three b) . Comparison of the complete nad1 sequences showed that the two mitotypes differed by the insertion of a 31 bp fragment in position 929 -960 (EMBL, accession no. AJ223312) observed in all the b-type trees analysed but not in the a-types. No other mutation was characterized within the nad1 region. A pair of primers (nad1H and nad1I) was designed flanking the 31 bp mutation, giving a diagnostic mitochondrial marker for Pinus sylvestris. Amplification of the same trees used in sequence analysis with the nad1H-nad1I primers yielded a short (217 bp) and a large (248 bp) length variant, found in the trees characterized, respectively, as a and b types.
Distribution and genetic structure of mitochondrial haplotypes at the nad1 locus
Screening of the populations using the nad1 H-I primers showed that haplotype a was fixed in all the northern European populations analysed, apart for the Polish population Kubryk where one individual was found carrying the b variant (Table 3) . Within Spain, the two haplotypes were found at variable frequencies ranging from zero to 100% (Table 3 ). The geographical distribution of the two variants (Fig. 1) shows that higher frequencies of the a haplotype were generally observed in western and southern areas of the Iberian Peninsula whereas the b haplotype was predominant in the Pyrenees region and some populations of central Spain (Galve de Sorbe, La Cenia and Gúdar).
Estimation of Φ ST statistics indicated a high degree of population differentiation at the nad1 locus within Spain, with almost 60% (P ≤ 0.001) of the total genetic variation being ascribed to differences between populations ( 
Discussion
In the present study, two distinct mitotypes were found in a survey of 23 European Pinus sylvestris populations using the nad1 H-I mitochondrial-specific primers. The a and b variants were both present in the populations of the Iberian Peninsula, whereas the continental European and Scottish populations were all fixed for one haplotype (a), apart for one tree from the Polish population Kubryk. Genetic divergence in Europe, as measured using an analysis of molecular variance (amova), was high (Φ CT = 0.62; P ≤ 0.001), in agreement with expectations for maternally inherited markers (Petit et al. 1993) and with values obtained at mitochondrial loci in pines (Dong & Wagner 1993; Strauss et al. 1993; Sinclair et al. 1998; Wu et al. 1998; Sinclair et al. 1999) . A large proportion of among-population differentiation was due to differences between the Iberian stands (Φ ST = 0.59; P ≤ 0.001). These populationdifferentiation values were 10-to 30-fold higher that those obtained in the same populations using nuclear (Tobolski & Hanover 1971; Kinloch et al. 1986; Prus-Glowacki & Stephan 1994) and chloroplast data (Provan et al. 1998; Soranzo et al. in preparation) .
Fig. 1 Haplotype distribution in European
Pinus sylvestris population (site codes are defined in Table 1 ). The geographical distribution of nad1 haplotypes in Europe is consistent with the hypothesis of a recent common origin of Scots pine populations in northern Europe, distinct from that of the Iberian stands. A recent expansion of these populations from a common glacial refugium would account for the low degree of mitochondrial divergence observed among them, and is reflected in the lower allelic diversity characterized in these populations in comparison with the Iberian stands. These observations are in agreement with the predictions of the expansion-contraction model (Hewitt 1996) . Phylogeographic studies have provided molecular evidence of the expansion of recolonizing tree populations across the Pyrenees (Demesure et al. 1996; Dumolin-Lapegue et al. 1997a; Ferris et al. 1998) , and that this region identifies a 'suture' zone (i.e. an area of contact of populations of different origin; Taberlet et al. 1998) . The geographical distribution of mitochondrial nad1 haplotypes, however, suggests that genetic exchanges via seed did not take place in recent evolutionary times between the Iberian stands and other European populations. This event would have indeed resulted in the b haplotype being present north of the Pyrenees.
The presence of one individual characterized by the b haplotype within the Polish population Kubryk may represent an indication that this variant is present at low frequency throughout Europe. A second possibility is that long-range dispersal of seed or cones has taken place from a region characterized by the b-type. In the case of Scots pine, the possibility of rapid long-distance dispersal over snow has been suggested (Phillips 1989) . A third, likely hypothesis is that the b variant in Poland may be derived from human impact. In particular, transportation of plant material across Europe in recent times (Ennos et al. 1998 ) may have affected the patterns of genetic diversity established at the time of population foundation. A test of these hypotheses should include a more extensive sampling of the neighbouring regions. In particular, the analysis of populations in the Scandinavian Peninsula would be of interest in the light of the results of Sinclair et al. (1999) , who found that this region was genetically divergent from continental Europe at mitochondrial RFLP loci.
The extensive sampling of the Iberian populations conducted in this study has allowed us to enhance the resolution of population relationships in Spain. The distribution of the a and b haplotypes was structured, with the a-type prevailing in the south and west of the country, and the b-type in the north-eastern region. These spatial patterns of nad1 types are accounted for by the orographic profile of the Iberian Peninsula and the fact that these populations represent ancient gene pools. Spain remained below the southern limit of the ice throughout the Quaternary period (Denton & Hughes 1981) , and refugial populations of P. sylvestris were present within this region for the duration of the full glacial intervals (Huntley & Birks 1983) . As a consequence of prolonged genetic isolation in disjunct mountainous areas, different genotypes may have been selected in different populations. Physical isolation on different mountain ranges and low levels of seed dispersal would therefore account for the high mitotype differentiation observed between the Spanish populations.
The geographical distribution of nad1 variation in Europe generally agrees with the genetic patterns previously described for P. sylvestris using mitochondrial RFLP markers (Sinclair et al. 1999) . A main difference was regarding the taxonomical position of the Scottish populations, since the analysis of the nad1 region found no evidence to support the existence of two distinct genepools in the Scottish populations. The present study included three populations of the Wester Ross area (Shieldaig, Coulin and Loch Maree), a region of presumed distinct evolutionary origin (Forrest 1980; Kinloch et al. 1986; Sinclair et al. 1999) . One of these populations, Shieldaig, appears to be of particular interest, where a specific mitochondrial RFLP type not found elsewhere in Europe had been previously characterized (Sinclair et al. 1998) . The apparent contradictory results may reflect differences between the underlying mutational process affecting the evolution of the mitochondrial genome and their mode of detection using different molecular assays. A relatively recent divergence of the Scottish populations could be sufficient for the accumulation of structural changes and the detection of RFLP polymorphisms. Alternatively, the lack of mitochondrial variation detected in Scotland in the present study may reflect the sampling of a single genomic region. It is still unclear whether mitochondrial RFLPs may be more suited to the analysis of recent evolutionary divergence compared to PCR-based assays (Sinclair et al. 1998) . However, in our opinion the development of a large number of PCR-based mitochondrial markers is likely to greatly enhance our understanding of the population history of conifer species.
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